Cystatin C (CysC) is a versatile and ubiquitously-expressed member of the cysteine protease inhibitor family that is present at notably high concentrations in cerebrospinal fluid. Under mildly denaturing conditions, CysC forms inactive domainswapped dimers. A destabilizing mutation, L68Q, increases the rate of domain-swapping and causes a fatal amyloid disease, hereditary cystatin C amyloid angiopathy. Wild-type (wt) CysC will also aggregate into amyloid fibrils under some conditions. Propagated domain-swapping has been proposed as the mechanism by which CysC fibrils grow. We present evidence that a CysC mutant, V57N, stabilized against domain-swapping, readily forms fibrils, contradicting the propagated domain-swapping hypothesis. Furthermore, in physiological buffer, wt CysC can form oligomers without undergoing domain-swapping. These non-swapped oligomers are identical in secondary structure to CysC monomers and completely retain protease inhibitory activity. However, unlike monomers or dimers, the oligomers bind fluorescent dyes that indicate they have characteristics of pre-amyloid aggregates. Although these oligomers appear to be a pre-amyloid assembly, they are slower than CysC monomers to form fibrils. Fibrillation of CysC therefore likely initiates from the monomer and does not require domain-swapping. The non-swapped oligomers likely represent a dead-end offshoot of the amyloid pathway and must dissociate to monomers prior to rearranging to amyloid fibrils. These prefibrillar CysC oligomers were potent inhibitors of aggregation of the Alzheimer's-related peptide, ␤-amyloid. This result illustrates an example where heterotypic interactions between pre-amyloid oligomers prevent the homotypic interactions that would lead to mature amyloid fibrils.
for all known cases of inherited cerebral amyloid angiopathy (Icelandic type), a lethal disease that causes brain hemorrhaging and strikes young adults (21, 22) . This mutation destabilizes CysC, making it prone to aggregate into amyloid fibrils. It has been proposed that CysC amyloid fibrils form via propagated domain-swapping ( Fig. 1c) (15, 21, 23, 24) , although this view has been challenged recently (25, 26) .
CysC is found co-deposited with ␤-amyloid (A␤) in cerebrovascular and senile plaques of patients with Alzheimer's disease (27, 28) . Soluble CysC-A␤ complexes were detected in CSF of Alzheimer's patients (29) . Some studies suggest that CysC binds to A␤, prevents its aggregation, and partially protects neurons from A␤ toxicity (30) . Maintenance of the balance between CysC and CatB may be crucial for controlling A␤ deposition and clearance of amyloid deposits (31) , and studies with transgenic animals indicate that increasing CysC expression diminishes A␤ deposition (32, 33) . The role of CysC in Alzheimer's disease is complex, because of the multiple functions of the protein as a protease inhibitor as well as an inhibitor of A␤ fibrillogenesis (34 -36) .
Recently, we reported on the production and purification of recombinant human CysC. We discovered that a fraction of the protein readily associates into small soluble oligomers (37) , raising the question as to whether these oligomers are intermediates to amyloid fibrils. In this report, we test the proposal that CysC forms fibrils by propagated domain-swapping, we investigate the structure of oligomeric CysC, and we probe the role of oligomers in the CysC amyloidogenesis pathway. Additionally, we demonstrate that these oligomers inhibit A␤ aggregation better than monomeric or domain-swapped dimeric CysC.
Results

V57N CysC does not undergo domain-swapping but still forms fibrils
Wt CysC forms amyloid fibrils under partially denaturing conditions, whereas the disease-related L68Q mutant forms dimers and fibrils more readily than wt (24, 38) . When disulfide bonds were inserted to link strands 2 and 3, thereby preventing domain-swapping and dimerization, the stabilized monomer was resistant to dimerization or fibril formation (24) . These and similar observations led to the proposal that CysC fibril formation proceeds via propagated domain-swapping ( Fig.  1c) (14, 21) .
Given the propagated domain-swapping hypothesis, we speculated that a single-point mutation that inhibits domainswapping should also reduce its amyloid-forming capability. To test, we chose V57N, an engineered mutant designed to prevent domain-swapping by relieving the high strain of the hinge-loop region associated with the distorted Val 57 backbone angle (39) . Wt and V57N were incubated in 0 -3.5 M GdmHCl at physiological pH and temperature (pH 7.4, 37°C), conditions known to lead to domain-swapping and dimerization in wt CysC. The experiment was repeated at acidic pH and high temperature (pH 4.0, 45°C), conditions that are known to induce fibrillogenesis of wt (21) . Denaturation was monitored by an increase in Trp 106 fluorescence emission intensity. Data were fit to a twostate unfolding model to determine apparent [GdmHCl] 50 , the concentration of GdmHCl at which half the protein has unfolded. Samples were separated by native gel electrophoresis to visualize dimer formation.
The unfolding curve for wt CysC at pH 7.4 was broad, with [GdmHCl] 50 of 1.61 Ϯ 0.08 M and complete unfolding at ϳ2.75 M (Fig. 2a ). CysC formed dimers over a range of 0.6 -1.6 M GdmHCl, with the densest dimer bands appearing around 1.0 M (Fig. 2c ). Of note, there is a slight dip in fluorescence intensity at 0.6 M GdmHCl that coincides with the appearance of dimers (Fig. 2c) . Others have shown that low concentrations of Gdm-HCl will facilitate disruption of hydrogen bonding between ␤2 and ␤3 strands in the monomer and subsequent re-association as a domain-swapped dimer ( Fig. 1) (15, 40) . Because the lone Trp, Trp 106 , natively contacts the loop between ␤2 and ␤3, we attribute the dip in fluorescence intensity at 0.6 M GdmHCl to the rearrangement of the ␤2 and ␤3 strands during the domain-swapping process. At pH 4.0, [GdmHCl] 50 of wt was reduced to 0.78 Ϯ 0.04 M (Fig. 2b) , indicating a destabilization of the native-fold relative to physiological conditions. At this acidic pH and higher temperature, wt formed a mixture of dimers and monomers even at 0 M GdmHCl, and dimers were present up to 0.8 M GdmHCl (Fig. 2d ).
The V57N unfolding curve at pH 7.4 lacked the dip at 0.6 M GdmHCl and had a single sharp transition, indicative of simple cooperative two-state unfolding.
[GdmHCl] 50 at pH 7.4 was 1.47 Ϯ 0.01 M, declining to 0.68 Ϯ 0.03 M at pH 4.0 (Fig. 2, a and  b) . Thus, by this measure V57N is slightly less stable than wt at both tested pH conditions. V57N did not produce dimers at any GdmHCl concentration or pH (Fig. 2, c and d) , consistent with previous reports (39, 40) .
To produce fibrils, we incubated wt and V57N in acidic buffer at elevated temperature and agitation, following literature protocols (21) . Fibril growth was tracked using ThT fluorescence and TEM. With wt, ThT-positive fibrils were first detected at 6 h; fibril formation was faster for V57N, with a ThT-positive signal at only 3 h ( Fig. 3a ). For both samples, ThT intensity continued to increase over 1-2 days. Samples taken at 6 h were imaged by TEM (Fig. 3b ). The total fibril content was similar between wt and V57N samples, although V57N fibrils tended to cluster more into larger aggregates. Taken together, these data contradict the hypothesis that CysC fibrils must grow by propagated domain-swapping, because V57N is resistant to dimerization and domain-swapping but readily forms amyloid fibrils. Due to clustering effects, high resolution images of individual fibrils could not be taken. We attempted to form fibrils without agitation to discourage clustering, but found no fibrils after 2 weeks of incubation. Agitation appears to be necessary for fibrillation of both wt and V57N.
oCys forms fibrils more slowly than mCys
In previous work, we developed a simplified affinity chromatography-based protocol for production of recombinant CysC (37) . During the routine protein concentration, we discovered CysC contained some oligomers. As shown previously, oligomer formation is not a consequence of Escherichia coli expression but rather arises naturally during processes that lead to locally high concentrations (37) . Once formed, oligomers do not readily dissociate back to monomers with dilution (37) and so can be considered kinetically trapped. Oligomers (oCys) were fractionated from monomers (mCys) using membrane filters of the appropriate molecular weight cutoff size. Speculating that the oligomers might be intermediates on the path toward amyloid fibrils, we tested the capacity of oCys to form fibrils under the same conditions as previously described. In contrast to our initial expectation, fibril onset was considerably later for oCys compared with mCys, and ThT fluorescence increased at a slower rate ( Fig. 3a) . A TEM sample confirmed that the fibril content was significantly lower for oCys than either mCys or V57N (Fig. 3b ). Rather than being amyloid intermediates, oCys proved to be resistant to amyloidogenesis.
Size characteristics of mCys, dCys, and oCys
To uncover reasons why oCys was less prone to amyloid fibril formation, we searched for differences in its structural characteristics compared with mCys and the domain-swapped dimeric CysC (dCys). We first confirmed the monomeric or oligomeric status of each of the three preparations. Weight-averaged molecular weights (M W ) were obtained by static light scattering (SLS) ( Table 1) . M W of mCys was ϳ8% higher than the known molecular weight of the monomer, indicative of a small (Ͻ10%) fraction of dimer or oligomer. M W of dCys was smaller than that expected for a pure dimer (26,600 g/mol); from the measurement we estimated that dCys contained ϳ30 -35% (by mass) monomer and 65-70% dimer. This is consistent with other reports of incomplete domain-swapping by CysC, presumably due to establishment of an equilibrium between monomers and dimers (16, 41) . M W for oCys was approximately that of a trimer. Z-averaged hydrodynamic diameter d h was obtained by cumulants analysis of dynamic light scattering (DLS) data ( Table 1 ). As expected, d h increased in the order mCys Ͻ dCys Ͻ oCys. The monomer diameter is consistent with other reports (42) . We compared the measured d h to that expected for a hydrated spherical protein of the same molecular weight, d sphere (43) . A large ratio d h /d sphere is indicative of an elongated shape and/or a highly hydrated molecule. As shown in Table 1 , dCys was more compact than either mCys or oCys. DLS data were further analyzed to ascertain the polydispersity of the solutions. Although mCys and dCys size distributions were very narrow, a relatively broad distribution was obtained for oCys ( Fig. 4a ), indicating that oCys is a population ensemble with an average M W of a trimer, rather than a single species. We next used cross-linking plus gel electrophoresis to obtain further evidence of stable protein complexes, and to search for indirect evidence of structural differences. In the absence of cross-linker, each fraction ran as a monomer, with a small fraction of SDS-resistant species in oCys ( Fig. 4b, lanes 1-3) . After cross-linking, mCys was largely monomeric but with a small dimer band, consistent with SLS results. dCys contained a roughlyequalmixtureofdimersandtetramers,withϳ15%monomer (based on image analysis of band density). Existence of a significant stable tetramer population, although inconsistent with our SLS data (Table 1) , is attributable to glutaraldehyde-mediated capture of transient tetramers formed during cross-linking.
Cross-linked oCys resolved to monomer (52%), dimer (23%), trimer (10%), and tetramer (8%). This exponential decay in concentration suggests that oligomers assemble non-cooperatively. M W calculated from glutaraldehyde cross-linking is 30 kDa, versus 42 kDa by SLS. This suggests that glutaraldehyde is not as efficient at trapping dimers and other oligomers in the oCys population compared with dCys, and may indicate that the monomers are not as tightly compacted in the oligomer as in the dimer, consistent with the larger d h /d sphere of the oligomer.
Secondary and tertiary structural characterization
We collected and analyzed CD spectra for dCys and compared it to mCys and oCys (supplemental Fig. S1 and Table 2 ). Secondary structure analysis of mCys is consistent with that reported by others (38) . Although mCys and oCys have nearly identical spectra, dCys is shifted with a slight increase in ␤-sheet content. Our spectra for dCys is consistent with previously reported CD spectra of domain-swapped CysC at low pH (41) .
Acrylamide quenching was used to determine the solvent accessibility of the lone Trp, Trp 106 (44) . The data were plotted according to the Stern-Volmer relationship (Fig. 5a ). mCys and oCys yielded linear plots, from which k q was calculated ( Table  2) . k q for mCys was approximately twice as large as oCys, indicating greater burial of Trp 106 in oCys compared with mCys. The plot for dCys was nonlinear, possibly due to occurrence of a M W for CysC monomers is 13,300 g/mol. Error in M W determination was found from the zero-angle extrapolation error during least squares analysis of SLS data. b Z-averaged hydrodynamic diameter and variance, determined from cumulants analysis. c d sphere is calculated based on the diameter of a spherical protein occupying the same volume as a protein with the molecular weight of each fraction shown, assuming an average density of 0.73 g/ml and average 0.35 g water/g dry protein (43, 78) . d d h /d sphere is a measure of the non-sphericity or excess hydration of the protein (78). homoFRET between the dimer Trp groups (supplemental Figs. S2 and S3), so k q was not determined. Given that the oCys plot is linear, whereas dCys is not, it is likely that the geometric arrangement of the monomeric subunits in oCys is different from that in dCys. Specifically, the relative distances between Trps from different monomeric subunits in the oligomer is larger than 16 Å (supplemental Fig. S2 ). We compared Trp 106 fluorescence of dCys and oCys to mCys, as a function of denaturant concentration (GdmHCl). With no GdmHCl, maximum fluorescence for mCys occurs at 349 nm (supplemental Fig. S4 ), due to high solvent accessibility of Trp 106 in the native-fold, and consistent with other reports (38) . dCys was slightly blue-shifted (347 nm) compared with mCys and the emission intensity was smaller. Maximum emission for oCys was further blue-shifted (343 nm) and emission intensity was higher than mCys, indicative of Trp burial, consistent with acrylamide quenching results.
At low GdmHCl (ϳ0.6 M), fluorescence intensity of mCys decreased (Fig. 5b ), a decrease that we previously ascribed to disruption of the ␤2/␤3 strand association in the monomer and rearrangement into domain-swapped dimers (Fig. 2 ). Fluorescence intensity of dCys was lower than mCys at 0 M GdmHCl, but the two curves converged at moderate GdmHCl, presumably because dCys is in the domain-swapped arrangement even at 0 M GdmHCl. In contrast to mCys, there was no decrease in fluorescence for oCys at low GdmHCl, and the denaturation curve follows a simple two-state transition.
Functional characterization
Natively folded monomeric CysC is a potent inhibitor of cysteine-type proteases, whereas domain-swapping destroys inhibition because of the loss of the L1 loop (15) . We evaluated the enzyme inhibitory properties of each of our three preparations, to confirm native-fold in mCys and domain-swapping in dCys, and to determine whether there is evidence that oCys is also domain-swapped.
Inhibition of papain activity was detected by monitoring cleavage of a fluorogenic substrate (Z-FR-AMC) as a function of CysC concentration (Fig. 6a ). Inhibition constants derived from fitting the data to the Morrison equation for tight-binding enzyme inhibition (45) are found in Table 3 . mCys inhibited papain with low picomolar affinity, as expected (46) . dCys was much less effective as an inhibitor, supporting assignment as domain-swapped; residual activity could be completely accounted for by considering that dCys contained 30% monomer and 70% dimer, based on M W (Table 1) . oCys was just as effective as mCys at papain inhibition. CysC also inhibits asparaginyl proteases such as legumain through a binding site between the helix and ␤2 strand involving Asn 39 (10); inhibition is not affected by domain-swapping (10, 23) . We added CysC to legumain and measured enzyme cleavage of a fluorogenic substrate (Z-AAN-AMC). Although K i for oCys is slightly weaker than for dCys or mCys, the difference is not statistically significant ( Fig. 6b , Table 3 ). Taken together, we conclude that oCys retains the secondary and tertiary structure of mCys and, importantly, oCys is not domain-swapped.
N terminus is protected in oCys
CysC has a Pro-rich, unstructured N-terminal domain (47) . Because Pro-rich sequences near protein termini can project outward as stiff arms from the protein body, and form the contact area for protein-protein interactions (48) , we examined the solvent accessibility of the N terminus on mCys and oCys using three monoclonal antibodies: C-27, which recognizes the N terminus (49); Cyst13, which targets the C terminus (50); and Cyst24, with an unknown epitope that does not overlap with Cyst13 (51). Cyst13 and Cyst24 bound to both preparations, whereas C-27 bound mCys but not oCys ( Fig. 7a, supplemental Fig. S5 ).
In addition, we digested CysC with human neutrophil elastase, an enzyme known to specifically cleave the 10 Val-Gly 11 peptide bond and release the N-terminal decapeptide (52) . The proteolytic digestion products were separated by SDS-PAGE and visualized by silver stain (Fig. 7b ). With mCys, a 12.3-kDa band, corresponding to N terminally-truncated CysC, appeared within 5-10 min. oCys was degraded more slowly than the monomer (Fig. 7b ). Together, these results indicate that the N-terminal segment is less accessible in oCys than in the monomer.
oCys has pre-amyloid characteristics
With some amyloidogenic proteins, oligomeric intermediates appear prior to maturation into fibrils (25) . To determine whether mCys, dCys, and/or oCys preparations contained any amyloid-like oligomers, we tested for binding to fluorescent dyes that are used to characterize misfolded or aggregated proteins. 8-Anilinonapthalene-1-sulfonic acid (ANS), a dye that binds to hydrophobic patches or cavities on proteins or protein complexes, has frequently been used to detect misfolding intermediates and molten globules (53) and to monitor formation of pre-fibrillar amyloid intermediates (54, 55) .
We observed no ANS fluorescence enhancement with mCys or dCys. In contrast, ANS fluorescence intensity was dramatically increased with oCys ( Fig. 8a) , showing that oligomer formation creates a hydrophobic cavity or surface. Hepta-formylthiophene acetic acid (h-FTAA), a conjugated thiophene, is believed to bind to pre-fibrillar aggregates or early amyloid structures, causing conformational constraints on its backbone planarity that increase its fluorescence quantum yield (56) . Coincubation with mCys and dCys did not cause fluorescence enhancement of h-FTAA, whereas co-incubation with oCys strongly increased its fluorescence intensity (Fig. 8b) . None of the CysC preparations resulted in enhancement of ThT fluorescence, demonstrating that oCys does not form mature amyloid fibrils at physiological pH and temperature (data not shown).
oCys is a potent inhibitor of A␤ aggregation
CysC has been reported to inhibit A␤ fibril formation (57, 58) , although the interaction has not been characterized in much detail. We added mCys, dCys, or oCys to freshly-prepared monomeric A␤ and followed aggregation by DLS and ThT fluorescence. In physiological buffer, and in the absence of A␤, none of the CysC samples were ThT positive and no aggregate growth was measured by DLS (data not shown). mCys added to A␤ did not alter the rate of early aggregate development ( Fig. 9b ), but did modestly reduce the total fibril mass (Fig.  9a ). dCys addition to A␤ resulted in a minor reduction of early aggregate growth rate compared with mCys, but the rate of fibril formation by ThT was not significantly different from the mCys sample. In sharp contrast, oCys addition to A␤ almost completely inhibited aggregation. There was no growth in aggregate size measured by DLS, and very little development of ThT fluorescence.
Discussion
The underlying cause of several neurodegenerative diseases, including Alzheimer's, Parkinson's, and Huntington's, is attributed to aggregation of functional proteins into misfolded amyloid fibrils, motivating numerous investigations into the kinetics and mechanism of amyloidogenesis. Commonly observed mechanisms for amyloid aggregation include the nucleationelongation model, where a rare event provides a nucleus for further growth by monomer addition, and the aggregation-conformational conversion model, where association of natively folded or intrinsically disordered proteins into soluble oligomers is followed by subsequent rearrangement within the hydrophobic core of the oligomer to the cross-␤-sheet structure typical of amyloid fibrils (59 -62) . CysC has been proposed to aggregate via a third mechanism, propagated domain-swapping (15, 21, 23, 24), a mechanism suggested for a few other proteins such as ␤2-microglobulin (␤2m) (63) .
The propagated domain-swapping hypothesis arose from the observation that a disease-associated mutant form of CysC, L68Q, readily undergoes unfolding at the L1 loop and also forms amyloid fibrils more readily than wt (64) . However, direct evidence of L68Q aggregation by domain-swapping is lacking. Although wt CysC crystallizes as domain-swapped dimers, the L68Q crystal structure is not available due to the instability of the protein. L68Q aggregation has been monitored by agarose gel electrophoresis and size-exclusion chromatography (24, 40) , but these methods only identify size, not structure.
Additional support for propagated domain-swapping was found from a study of disulfide-stabilized CysC (21, 24) . In this mutant (HCC-stab1, L47C/G69C), a disulfide bond was engineered to restrict movement of the L1 region and impede domain-swapping. HCC-stab1 did not form fibrils under conditions where wt CysC does; fibril formation occurred only after reduction of the disulfide bond (21, 23) .
However, the propagated domain-swapping mechanism has been challenged recently (25, 65) . For example, cystatin B, a close relative of CysC, is known to dimerize by domain-swapping but forms fibrils that are structurally inconsistent with propagated domain-swapping (26) .
We designed a test of the hypothesis by comparing the aggregation rate of wt CysC with a mutant, V57N, which has previously been shown to resist domain-swapping and dimerization, because the mutation stabilizes the L1 loop (39) . We first confirmed that V57N, unlike wt, did not undergo dimerization at low GdmHCl concentrations or in acidic buffer. Next, we showed that both wt and V57N readily formed fibrils if mechanically agitated at pH 4 and 45°C, with a somewhat shorter lag time for V57N than for wt. We conclude that domain-swapping is not necessary for CysC amyloid fibril formation, and that it is not necessary to invoke a propagated domain-swapping mechanism for this protein. Rather, fibril formation propensity is likely due to destabilization of the native protein fold. This is supported by our finding that V57N is both less stable than wt and forms fibrils with a shorter lag period.
The secondary structure of L68Q contains less helix and more disorder than wt, Trp 106 is more solvent-exposed (38), and L68Q is more readily denatured than wt (41) . The lower stability in L68Q could explain why the mutant is prone to fibril formation, without the need to invoke susceptibility to domainswapping per se. Conversely, the disulfide bond in HCC-stab1 may increase the stability of that mutant relative to wt and explain its resistance to fibrillogenesis. An additional factor may arise because the HCC-stab1 mutation flattens and shortens the ␤-strand around the 47-51 region, whereas the V57N mutation does not (39) , one of three regions that is predicted to be an aggregation-prone region by amyloid predictor algorithms ( Fig. 1d) (66, 67) . Consistent with this prediction, the pentapeptide LQVVR has been shown to spontaneously form amyloid fibrils in vitro (68) . The observed reduction in amyloid propensity of HCC-stab1 might be explained by the structural change in this region.
Soluble oligomers of CysC were resistant to fibril formation, with a significantly longer lag time and significantly lower fibril content than either monomeric wt or V57N. We propose that CysC oligomers must dissociate to monomer prior to fibril initiation and growth, in other words, oligomers are "off-pathway" for amyloid fibril formation (Fig. 10) . A similar mechanism was shown for ␤2m, specifically, ␤2m self-assembled by two competing pathways, one of which led to formation of oligomers and wormlike linear aggregates, whereas the other led to classical rigid amyloid fibrils (69) . ␤2m oligomers and wormlike aggregates were required to dissociate to monomers before reassociating into amyloid fibrils.
Because oCys was resistant to fibril growth, we undertook further characterization of oligomer size and structure. Briefly, the oligomers are small clusters of natively folded monomers. They retain the native secondary structure and enzyme inhibitory function of the monomer and are not domain-swapped, but differ from monomers in reduced solvent accessibility of Trp 106 . The blue-shift in Trp 106 fluorescence in oCys (relative to wt) is in contrast to the red-shift in L68Q (38) , suggesting that the relative burial or exposure of Trp 106 correlates with relative resistance or susceptibility to amyloidogenesis, respectively. Another structural distinction is the protection of the Pro-rich N terminus of oCys compared with mCys. Involvement of stiff Pro-rich "arms" in protein self-association has been observed in other systems (48) . Building on this, we speculate that oligomer formation may be mediated through interactions of the extended Pro-rich N-terminal arms (Fig. 10) .
Although oCys are "dead ends" for mature amyloid fibrils, the oligomers exhibit some structural features of pre-amyloid intermediates. Specifically, oCys are positive for both ANS and h-FTAA, two fluorescent dyes that are useful markers of amyloid intermediates (54 -56) . This behavior contrasts with that of ␤-amyloid (A␤), the Alzheimer-related peptide that is one of the best known examples of amyloidogenesis. A␤ amyloid fibrils arise directly via maturation of soluble oligomers that are ANS-and h-FTAA-positive (70, 71) . The soluble oligomers of A␤ are believed to be more toxic than the mature fibrils (70) .
A few previous studies have demonstrated that CysC affects A␤ aggregation in vitro. Sastre et al. (57) co-incubated CysC and A␤ in PBS (pH 7, 37°C) and observed a decrease in fibril formation by TEM, with a concomitant increase in amorphous aggregates. Similar amorphous aggregates were observed with CysC alone, which somewhat confounds interpretation of the data with A␤. Using gel electrophoresis and Western blotting, Selenica and co-workers (58) observed a decrease in soluble A␤ monomers and oligomers with the addition of CysC as well as an increase in precipitable protein. These two studies both indicate that CysC changes A␤ aggregates from fibrils to amorphous, but does not inhibit A␤ aggregation overall. In another study, binding of the conformation-dependent antibody A11 to A␤ oligomers decreased with increasing CysC concentration (30) , which could be due either to a competition for binding to A␤ between A11 and CysC, or a CysC-mediated shift in A␤ aggregation pathway.
In our work, we used two well known assays to detect the effect of CysC on A␤ aggregation kinetics: DLS, where the aver- GdmHCl) supports rearrangement into domain-swapped dimers that are stable and no longer inhibit cysteine proteases. Mild concentrations during ultrafiltration or adsorption steps produces oligomers with similar secondary structure and enzyme inhibition properties as monomers. Agitation at acid pH and high temperature induces amyloid fibril formation. All 3 self-associated forms are fairly stable when returned to physiological solvent, which suggests that the monomer is a metastable state. Fibril growth proceeds through the monomer and does not require propagated domain-swapping.
age size of aggregates is measured in solution, and ThT fluorescence, which is proportional to the mass of amyloid fibrils. At physiological pH, CysC alone did not aggregate by DLS and contained no amyloid fibrils by ThT. By DLS we observed that monomeric and dimeric CysC have only a minor effect at delaying A␤ aggregation. With both mCys and dCys, we observed little reduction in A␤ aggregation as measured by DLS and a modest inhibition of A␤ fibril growth as measured by ThT, suggesting that CysC monomers and dimers may slightly re-direct A␤ away from amyloid fibril formation and toward nonamyloid aggregates, but the effect is minor.
In sharp contrast, CysC oligomers were remarkably potent at arresting aggregation of A␤, as measured by either fibril mass (ThT) or light scattering. Combined with the observation that oCys (but not mCys or dCys) have characteristics of pre-amyloid intermediates (e.g. ANS and h-FTAA fluorescence), we hypothesize that this strong hetero-interaction arises because oCys shares some structural features of A␤ oligomers. We envision the CysC oligomers as "frustrated amyloid," resistant to full growth into fibrils but with some structural characteristics of prefibrillar intermediates. The interaction between oCys and A␤ could arise from their structural similarities, as an example of heterotypic binding of one pre-amyloid aggregate to another (72) . However, the result of this cross-amyloid interaction is prevention of full maturation into amyloid fibrils, possibly because of partial structural mismatch between the different oligomers. This could be an example of an amyloid regulatory network, where homotypic interactions lead to amyloid fibrils but heterotypic interactions lead to off-pathway complexes, preventing amyloid formation.
Experimental procedures
Cystatin C preparation
Recombinant human CysC was produced and purified as previously described (37) . Purified CysC in PBSA-E buffer (PBSA-E: 10 mM phosphate, 150 mM NaCl, 0.02% (w/v) azide, 1 mM EDTA, pH 7.4) was concentrated by ultrafiltration in a 3-kDa centrifugal membrane (Amicon Ultra-15) from 20 to 120 M. Concentrated protein was fractionated by centrifugal ultrafiltration through a 30-kDa membrane. The filtrate, "mCys," was stored at 4°C. The retained volume, enriched in oligomeric cystatin C, "oCys," was diluted to 45 M with PBSA-E and stored at 4°C. Oligomer stability under these conditions was confirmed by ANS-binding assays and light scattering up to 2 months after the initial preparation.
To produce domain-swapped dimers, mCys was concentrated to 100 M by centrifugal ultrafiltration through a 3-kDa membrane. GdmHCl (8 M in PBSA-E) was added to a final concentration of 1.0 M (70 M CysC). This solution was incubated for 1 day at 37°C, quickly diluted in PBSA-E to 0.1 M GdmHCl, extensively dialyzed against PBSA-E and concentrated via ultrafiltration to 20 M. The domain-swapped dimer "dCys" was stored without further purification at 4°C. The protein concentration was determined by measurement of absorbance at 280 nm, using an extinction coefficient of 11,100 M Ϫ1 cm Ϫ 1 (21) . All reported protein molar concentrations are given on the basis of a CysC monomer, regardless of oligomer state.
The V57N CysC mutant was constructed by site-directed mutagenesis of the wt plasmid. Plasmid sequence was confirmed following transformation into the BL21(DE3)pLysS expression cell line. Expression, collection, and purification of V57N was identical to wt.
Chemical denaturation
Spectroscopic grade GdmHCl (Calbiochem) was dissolved to saturation (8.4 M at room temperature) in PBSA-E or sodium acetate buffer (50 mM NaAc, 100 mM NaCl, pH 4.0) and filtered through a 0.22-m PVDF syringe filter (Millex). GdmHCl concentration was confirmed by measurement of refractive index relative to buffer. Samples were prepared to final concentrations of 0 -3.5 M GdmHCl and 9 M CysC in either PBSA-E or sodium acetate buffer. Samples were stored at 4°C (PBSA-E) or 45°C (sodium acetate) for 2 days, then either warmed to room temperature for 30 min (PBSA-E) or maintained at 45°C (sodium acetate) prior to collection of Trp 106 fluorescence emission spectra on a PTI QuantaMaster 40 fluorimeter. Samples were excited at 295 nm and emission spectra were collected from 320 -380 nm. Spectra were measured at least 3 times and averaged, with background subtracted. Unfolding was monitored by an increase of intensity at 350 nm.
Data were fit to
where F is the measured fluorescence intensity at [Gdm], F F and F U are fluorescence intensities at 0 and 100% unfolding, respectively, m is related to the slope of the transition, and [Gdm] 50 is the GdmHCl concentration at 50% unfolding. In the case of simple two-state unfolding, [Gdm] 50 ϭ ⌬G unf /m, where ⌬G unf is the Gibbs energy of unfolding at 0 GdmHCl.
Characterization of dimerization by native PAGE
Wt and V57N were concentrated to 85 M via ultrafiltration. GdmHCl (8.0 M in PBSA-E) was added to 20 l of either protein and diluted with PBSA-E to final concentrations of 70 M protein and 0 -2.0 M GdmHCl. Samples were incubated for 48 h at 37°C. Because domain-swapped dimers may dissociate in denaturing conditions, we applied a non-denaturing gel electrophoresis technique for resolving basic proteins (73) . Protein samples were diluted to 15 M in PBSA-E, then mixed with native PAGE sample buffer (ϫ4, Novex) containing Coomassie dye and loaded onto a 4 -16% bis-Tris gradient gel (Novex). The cathode was filled with dark blue running buffer, pH 7.0 (50 mM Tricine, 7.5 mM imidazole, 0.02% Coomassie G-250; Novex). The anode was filled with native PAGE running buffer, pH 7.0 (25 mM imidazole; Novex). Proteins were separated at 150 V for 2 h and visualized by destaining in 35% methanol, 7% acetic acid in water overnight.
Fibril formation
V57N, mCys, and oCys in PBSA-E were concentrated to 120 M (1.6 mg/ml) by ultrafiltration, then combined in equal vol-umes with sodium acetate buffer (100 mM NaAc, 50 mM NaCl, pH 2.85) in a 96-well plate to a final volume of 200 l. Final solution conditions were: 60 M protein, 50 mM NaAc, 5 mM phosphate, 100 mM NaCl, pH 4.0. Samples were agitated by micro-stir bar and heated to 45°C. Wells were sealed to prevent evaporative loss. At various time intervals, an aliquot was diluted into ThT stock solution (50 M ThT in PBSA-E), to final concentrations of 2.5 M protein and 10 M ThT. Fluorescence measurements were taken with a PTI QuantaMaster 40 fluorimeter at an excitation wavelength of 440 nm and emission of 460 -550 nm. Samples at the 6-h time point were taken for TEM imaging. Samples were diluted to 10 M in PBSA-E, fixed on a pioloform-coated grid, and stained with methylamine tungstate. Images were taken with a Philips CM120 scanning transmission electron microscope (FEI Corp.). Samples were prepared using the same method, but incubated at pH 4.0 and 45°C but without agitation for 12 days, then imaged by TEM.
Dynamic and static light scattering
mCys, dCys, or oCys (20 -50 M, in PBSA-E) were filtered through a Millipore HV 0.22-m syringe filter directly into a scrupulously cleaned cylindrical quartz cuvette. The cuvette was inserted into a sample bath containing refractive indexmatching fluid (decahydronaphthalene, cis-trans mix, Ͼ99% purity, Sigma) and equilibrated to 23°C. Laser source was an Innova 90C (Coherent, Inc.) 488 nm, 150 milliwatt argon laser. The sample bath was mounted on a turntable goniometer (Brookhaven BI-200SM). Measurement angles were 90°(DLS) or 30 -130°(SLS). DLS measurements were collected for 30 min. The method of cumulants was used to determine a mean hydrodynamic diameter, whereas CONTIN was used to determine an intensity-weighted size distribution (74) .
SLS data were taken at 23 angles, along with PBSA-E buffer and a toluene standard. Prior to each experiment, the concentration of the protein sample was determined by A 280 measurement. The Rayleigh ratio of each sample was calculated as described previously (75) , and the weight-averaged molecular weight, M W , was determined by weighted linear regression. A more detailed description of DLS and SLS analysis is included in the supplemental information.
Glutaraldehyde cross-linking
Glutaraldehyde is a well known, indiscriminant cross-linker (76, 77) , which primarily targets ⑀-amino groups on lysines. Protein was diluted to 20 M in PBSA-E. Glutaraldehyde (50% (v/v) in water, Sigma) was added to each protein sample to a final concentration of 0.5% (19 M protein). After 1 min, crosslinking reactions were quenched by addition of NaBH 4 to a final concentration of 0.5% (w/v). Reducing SDS sample buffer (10% (w/v) SDS, 10 mM DTT, 80% (v/v) glycerol, 0.5% (w/v) bromphenol blue in 400 mM Tris-HCl) was added to each crosslinked protein sample in 1:10 volume ratio. Samples were heated to 85°C for 5 min, then loaded onto a 4 -20% gradient Tris-HEPES polyacrylamide gel (Thermo) and separated at 125 V for 40 min. Protein bands were visualized by silver stain (Pierce).
Acrylamide quenching
Acrylamide (electrophoresis grade, Ͼ99%, Sigma) was dissolved in PBSA-E buffer to 4.5 M and filtered through a 0.22-m PVDF syringe filter (Millex), then added to protein samples to final concentrations of 25-150 mM acrylamide and 9 M mCys, dCys, or oCys. Samples were incubated at room temperature for 1 h prior to measurement of steady state Trp 106 fluorescence. Sample data were fit to the Stern-Volmer equation to determine the quenching constant, K SV , and the bimolecular quenching rate constant, k q .
F and F 0 are the fluorescence intensity in the presence and absence of quencher, respectively, [Q] is the molar concentration of quencher, and 0 is the mean fluorescence lifetime. Trp 106 fluorescence lifetime was measured by time-correlated single photon counting (TCSPC) by a PTI QuantaMaster 40 with 280-nm LED excitation source. Photon emission events were monitored at 350 nm. An instrument response function was measured using a 1 wt % suspension of Ludox particles in water. Data collection and analysis were performed through FelixGX software (PTI, Inc.). Sample curves were fit to model exponential decay functions using a nonlinear least squares analysis to find the mean lifetime.
Enzyme inhibition assay
Inhibition of papain was measured as described previously (37) . Briefly, cleavage of fluorogenic substrate Z-FR-AMC by papain was monitored in the presence of increasing concentrations of mCys, dCys, or oCys. Final reaction conditions were: 2.5 nM activated papain, 0 -10 nM CysC, 100 M Z-FR-AMC in Tris buffer (50 mM Tris-HCl, pH 7.0, 0.02% Tween 20).
Inhibition of legumain was measured similarly to papain, with minor modifications (10) . Human legumain (R&D Systems) was activated by dilution into acetate buffer (50 mM acetate, 100 mM NaCl, pH 4) to 100 g/ml and incubation at 37°C for 2 h. Activated legumain was diluted into MES buffer (50 mM MES, 250 mM NaCl, pH 5) to 2 g/ml. CysC was diluted from stock to 0. For both enzyme assays, samples were excited at 360 nm and fluorescence was measured at 460 nm by a Biotek FLX800 fluorescence plate reader for 5 min. The rate of fluorescence increase was measured and normalized to the zero-inhibition sample. Fractional inhibition of active enzyme was plotted against CysC concentration and fit to the Morrison equation (37, 45) to obtain the inhibition constant, K i .
To find K m , substrate (0 -300 M) was mixed with a fixed enzyme concentration (5 nM) and initial rates were measured as described, then fit to the Michaelis-Menten equation. K m for papain/Z-FR-AMC was 110 Ϯ 10 M and legumain/Z-AAN-AMC was 30 Ϯ 3 M.
Neutrophil elastase digestion
Human neutrophil elastase (Athens Research & Technology) was reconstituted in acetate buffer (50 mM acetate, 150 mM NaCl, pH 5.5) and stored at 58 M. Elastase was added to either mCys or oCys to a final concentration of 150 nM elastase and 15 M CysC and incubated at 37°C for 2-30 min. To quench the elastase activity, 20 l of sample was combined with 20 l of reducing SDS buffer (4% SDS, 4 mM DTT, 2 mM PMSF, 16% glycerol, 0.1% bromphenol blue in 400 mM Tris-HCl). Samples were heated, separated by SDS-PAGE, and silver stained as described earlier. Elastase cleavage of the N-terminal segment of CysC was monitored by the appearance of a smaller molecular weight band.
Antibody presentation by dot blot
mCys and oCys were diluted to 10 M and 2 l was blotted onto a nitrocellulose membrane and dried completely. Each membrane was blocked by incubation overnight at 4°C in 5% nonfat dry milk. After thorough washing in TBS-T (20 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.5), each membrane was incubated with one of three mouse monoclonal anti-CysC antibodies: Cyst13 (Novus, NB100-62492, 1:3000 dilution in TBS-T), Cyst24 (Novus, NB100-62127, 1:3000 dilution in TBS-T), or C-27 (Santa Cruz Biotechnology, sc-73878, 1:500 dilution in TBS-T) for 1 h at room temperature. After washing in TBS-T, each membrane was incubated with goat anti-mouse poly-HRP-conjugated antibody (Pierce, 32230, 1:3000 dilution in TBS-T) at room temperature for 1 h. Membranes were washed in TBS-T and antibody binding was visualized by chemiluminescence (Amersham Biosciences ECL Western blot Analysis system, protocol and kit by GE Healthcare Life Sciences).
Dye binding assays
mCys, dCys, or oCys (2 M) were incubated with either ANS (28 M, TCI Chemicals) or h-FTAA (0.5 M) at room temperature for 10 min. h-FTAA was a generous gift from Drs. Peter Nilsson and Per Hammarström (Linköping University, Sweden). Fluorescence emission spectra were taken on a PTI Quan-taMaster40 fluorimeter. Excitation wavelengths were 370 nm for ANS and 480 nm for h-FTAA. Emission was recorded over 440 -550 nm for ANS and 500 -670 nm for h-FTAA.
␤-Amyloid (A␤) interaction studies
Lyophilized A␤(1-40) (Bachem) was reconstituted to 2.8 mM in 100 mM glycine, 8 M urea, pH 10, buffer to completely disaggregate the peptide. Aggregation of A␤ was initiated by rapid dilution into PBSA-E to 28 M. In some experiments, stock mCys, dCys, or oCys was added to a final concentration of 14 M. For DLS studies, the protein mixture was filtered through a 0.22-m syringe filter directly into a clean cuvette. The cuvette was placed into a solvent bath maintained at 37°C. Sample autocorrelation functions were averaged over a 5-min period and recorded for up to 2 h. For ThT measurements, protein mixtures were incubated at 37°C in sealed tubes with no agitation. Over the course of 72 h, samples were taken and ThT fluorescence spectra were determined as described earlier.
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